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Abstract 

Electrolytes  based  on  Sc203-Zr02  exhibit  the  highest  ionic  conductivity  of  zirconia  based  systems,  however,  stabilization  of  the  electrochemical 
properties  at  operational  temperatures,  600-1000  °C,  are  needed  before  implementation  into  SOFCs.  Trace  additions  of  Bi203  are  a  known  sintering 
aid  for  zirconia  systems.  Crystal  structures,  electrical  properties  and  long-term  stability  of  Bi203 -doped  lOScSZ  systems  were  investigated. 
The  addition  of  more  than  1.0mol%  Bi203  resulted  in  suppression  of  the  rhombohedral  to  cubic  phase  transformation  at  600  °C  and  cubic 
phase  stabilization  at  room  temperature.  The  ionic  conductivity  of  lOScSZ  was  also  improved  by  Bi203  additions.  A  maximum  conductivity  of 
0.034  S  cm-1  at  700  °C  was  observed  in  2  mol%  Bi203-doped  lOScSZ  sintered  at  1300  °C.  No  phase  change  was  observed  in  lOScSZ  after  annealing 
at  1000  °C.  A  certain  amount  of  monoclinic  phase,  and  dramatic  conductivity  decrease,  were  observed  in  Bi203-doped  samples  sintered  below 
1200  °C  after  annealing.  However,  lOScSZ  and  2mol%  Bi203-doped  lOScSZ  sintered  at  1300  °C  show  no  significant  conductivity  degradation 
with  annealing.  Samples  with  more  than  1  mol%  Bi203  and  sintered  above  1300  °C  resulted  in  good  ionic  conductivity  and  stability. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Scandia  stabilized  zirconia  (ScSZ)  has  been  shown  to  be  an 
attractive  electrolyte  material  for  intermediate  temperature  solid 
oxide  fuel  cells  (IT-SOFC),  mainly  because  it  exhibits  the  high¬ 
est  ionic  conductivity  among  all  zirconia  based  oxides  [1-4]. 
The  high  conductivity  of  ScSZ  is  attributed  to  the  small  mis¬ 
match  in  size  between  Zr4+  and  Sc3+,  leading  to  a  small  energy 
for  defect  association,  which  increases  mobility  of  oxygen  ions 
and  thus  conductivity  [5]. 

The  phase  equilibrium  of  the  Sc203-Zr02  system  has  been 
studied  by  Yamamoto  et  al.  [6,7].  They  observed  a  mixed  tetrag¬ 
onal  and  cubic  phase  in  the  system  with  5-9mol%  SC2O3. 
Samples  with  10-15  mol%  SC2O3  show  a  rhombohedral  phase, 
which  transfers  to  the  cubic  phase  at  approximately  600  °C. 
The  high  temperature  cubic  phase  can  be  stabilized  down  to 
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room  temperature  by  adding  dopants.  Tietz  et  al.  [8]  examined 
AI2O3 -doped  ScSZ  system  and  found  that  although  the  alumina 
doping  stabilized  the  cubic  zirconia  phase  down  to  room  temper¬ 
ature,  the  stabilization  was  effective  only  for  samples  sintered 
above  1500  °C.  Y2O3  additions  were  also  found  to  improve  the 
phase  stability  of  the  ScSZ  system  [1].  The  effect  of  Bi203  on 
the  properties  of  lOScSZ  have  been  studied  and  the  addition 
of  1  and  2mol%  Bi203  to  lOScSZ  was  found  to  inhibit  the 
cubic-rhombohedral  phase  transformation  and  improve  the  elec¬ 
trical  properties  [9-1 1] .  The  addition  of  CeC>2  was  also  observed 
to  stabilize  the  cubic  phase  and  increase  the  conductivity  of 
lOScSZ  [12,13]. 

Despite  the  high  conductivity  of  the  ScSZ  system,  this  elec¬ 
trolyte  exhibits  unfavourable  aging  effects  [6].  A  conductivity 
of  0.27  S  cm-1  in  as-sintered  8ScSZ  decreased  to  0.13  S  cm-1 
after  annealing  at  1000  °C  for  2000  h  and  no  further  changes 
were  detected.  ScSZ  with  contents  of  SC2O3  up  to  llmol% 
showed  no  significant  conductivity  degradation  with  annealing 
[6,7].  The  aging  effect  was  attributed  to  the  cubic  to  tetragonal 
phase  transition  [6].  Haering  et  al.  [14]  further  observed  con- 
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ductivity  degradation  in  aged  samples  with  less  than  10mol% 
SC2O3.  The  conductivity  of  samples  with  higher  scandia  con¬ 
tent  was  stable  after  annealing.  A  small  conductivity  decrease 
in  Bi203 -doped  lOScSZ  was  reported  which  was  thought  to  be 
negligible  compared  to  those  observed  for  8  mol%  ScSZ  [9] . 

The  present  work  investigated  the  crystal  structures  and  elec¬ 
trical  properties  of  ScSZ  system  with  various  Bi203  additions 
by  XRD  and  AC  impedance  spectroscopy.  Long-term  phase 
and  electrochemical  stabilities  were  also  examined  to  observe 
possible  aging  effects. 

2.  Experimental 

10mol%  scandia  stabilized  zirconia  (lOScSZ)  was  used  as 
the  starting  material.  lOScSZ  powders  and  Bi203  powders 
were  obtained  from  Tosoh,  Japan  and  ASARCO,  Phoenix,  AZ, 
respectively.  Samples  were  prepared  by  mixing  Bi203  with 
lOScSZ  in  concentrations  of  0,  0.5, 1.0  and  2.0  mol%.  The  pow¬ 
ders  were  mixed  with  ethanol  and  ball  milled  for  68  h.  The  ball 
milled  powders  were  cold  pressed  into  pellets  under  a  uniaxial 
pressure  of  200  MPa  using  a  13  mm  floating  die.  The  green  bod¬ 
ies  were  fired  at  different  temperatures  from  1000  to  1500  °C 
for  2  h,  with  a  heating  and  cooling  rate  of  3  °C  min-1 . 

X-ray  diffraction  (XRD)  was  used  to  examine  the  crys¬ 
talline  structures  of  all  samples,  using  a  Bruker  AXS  D5005 
diffractometer.  The  measurements  were  carried  out  at  room  tem¬ 
perature  using  Cu  Ka  radiation.  Data  was  collected  in  the  range 
of  20-70°  20  in  the  steps  of  0.02°  at  a  rate  of  5°  min-1 . 

Electrical  conductivity  of  the  sintered  pellets  was  measured 
in  the  temperature  range  of  300-700  °C  using  AC  impedance 
spectroscopy.  Silver  paste  was  brush  painted  on  both  side  of  the 
pellets  as  electrodes  and  fired  at  850  °C  for  1  h.  The  measure¬ 
ments  were  carried  out  at  50  °C  intervals  in  air  using  a  Solartron 
frequency  response  analyzer  (SI  1250)  and  electrochemical 
interface  (SI  1287)  in  the  frequency  range  of  0.01  Hz-1  MHz. 
The  AC  signal  amplitude  was  varied  from  10  to  500  mV.  Z-plot 
software  was  used  to  analyze  the  impedance  spectra.  XRD  and 
AC  impedance  measurements  were  also  performed  on  samples 
which  were  subjected  to  long-term  annealing  at  700,  800  and 
1000 °C. 

3.  Results  and  discussion 

3.1.  XRD 

As  shown  in  Fig.  1,  lOScSZ  exhibits  a  predominantly  rhom- 
bohedral  phase  with  some  percentage  of  a  cubic  phase  at  room 
temperature.  lOScSZ  samples  sintered  at  other  temperatures 
show  the  similar  mixed  phase  [11].  Powders  with  2.0mol% 
Bi2C>3  were  calcined  from  500  to  1500  °C  and  examined  by 
XRD  to  study  their  crystal  phases.  As  shown  in  Fig.  2,  the  as- 
prepared  powders  show  a  mixed  cubic  zirconia  and  monoclinic 
Bi2C>3  phase,  from  lOScSZ  and  Bi203,  respectively  [13].  The 
broad  peaks  suggest  a  small  particle  size  of  the  powder.  With 
increasing  the  calcination  temperature,  the  monoclinic  Bi203 
phase  disappears,  suggesting  that  Bi203  and  lOScSZ  are  form¬ 
ing  a  solid  solution.  The  cubic  phase  peaks  were  also  narrower, 


Fig.  1.  The  XRD  pattern  of  lOScSZ  sintered  at  1200  °C  (c:  cubic;  (3:  rhombo- 
hedral). 


suggesting  the  agglomeration  of  particles  and  an  increase  in 
the  particle  size.  The  system  shows  a  sharp  cubic  phase  when 
calcined  at  800  °C  suggesting  that  it  has  formed  a  solid  solu¬ 
tion,  as  shown  in  Fig.  2.  With  further  increase  in  the  calcination 
temperature,  the  powders  start  to  sinter.  The  system  exhibits  a 


Fig.  2.  The  XRD  patterns  of  2mol%  B^Os-doped  lOScSZ  calcined  for  2h  at 
500-1500  °C  (c:  cubic;  (3:  rhombohedral;  m:  monoclinic). 
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Fig.  3.  The  XRD  patterns  of  lOScSZ-doped  with  0, 0.5, 1 .0  and  2.0 mol%  Bi203 
sintered  for  2  h  at  1300  °C. 


certain  amount  of  monoclinic  zirconia  phase  when  calcined  at 
1000  and  1 100  °C.  The  presence  of  monoclinic  zirconia  phase  is 
attributed  to  the  low  sintering  temperature  [9] .  A  cubic  phase  was 
observed  in  the  sample  calcined  at  1200  °C  indicating  the  addi¬ 
tion  of  Bi2C>3  suppressed  the  rhombohedral  phase  in  lOScSZ 
and  fully  stabilized  the  cubic  phase  to  room  temperature.  A 
small  amount  of  rhombohedral  phase  appeared  in  the  sample 
calcined  at  1300  °C  and  a  large  amount  of  rhombohedral  phase 
was  observed  in  the  samples  calcined  at  1400  and  1500  °C. 
CeC>2-doped  lOScSZ  exhibits  a  similar  mixed  rhombohedral  and 


cubic  phase  when  sintered  above  1300  °C  [13].  It  could  possi¬ 
bly  be  due  to  the  fact  that  the  mixed  phase  is  thermodynamically 
preferable  in  the  systems  sintered  at  high  temperatures.  Fig.  3 
shows  the  XRD  patterns  of  the  pellet  samples  with  different 
Bi2C>3  compositions  all  sintered  at  1300  °C.  It  can  be  seen  that 
at  least  1  mol%  Bi203  is  needed  to  maintain  the  cubic  phase 
[9,11]. 

3.2.  Electrical  properties 

The  electrical  properties  of  the  sintered  pellets  were  examined 
using  AC  impedance  spectroscopy.  The  Nyquist  plots  have  been 
interpreted  with  parallel  connected  RC  equivalent  circuits  where 
high,  intermediate  and  low  frequency  semicircles  are  related  to 
bulk,  grain  boundary  and  electrode  interface  resistances  respec¬ 
tively.  Fig.  4  shows  the  impedance  spectra  for  lOScSZ  sintered  at 
1200  °C  and  2mol%  Bi203-doped  lOScSZ  sintered  at  1100°C 
and  measured  at  different  temperatures.  The  bulk  resistance  was 
calculated  from  the  high  frequency  intercept  because  it  could 
not  be  observed  at  higher  temperatures  [15].  With  increasing 
temperature,  bulk  and  grain  boundary  resistances  both  decrease 
and  the  contribution  due  to  grain  boundary  decreases  for  both 
samples.  Above  500  °C,  the  grain  boundary  resistance  disap¬ 
pears,  and  the  electrical  conductivity  is  only  attributed  to  bulk 
resistance.  At  lower  temperature,  i.e.  300  °C,  the  grain  boundary 
resistance  dominates  the  electrical  transport  of  lOScSZ.  How¬ 
ever,  with  2.0  mol%  Bi203  dopant,  the  grain  boundary  resistance 
was  considerably  reduced,  and  thus  the  electrical  properties  of 
the  system  were  significantly  improved  at  lower  temperatures. 
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Fig.  4.  The  impedance  spectra  of  lOScSZ  and  2Bill00  measured  at  300,  500  and  700  °C. 
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Fig.  5.  The  temperature  dependence  of  electrical  conductivity  for  lOScSZ  and 
Bi2C>3  doped  pellets  sintered  at  different  temperatures. 


The  temperature  dependence  of  electrical  conductivity  for 
the  samples  is  shown  in  Fig.  5.  The  total  conductivity  was  cal¬ 
culated  by  (7  =  L/(AR ),  where  L  is  the  thickness  of  the  pellet;  A  is 
the  surface  area  of  the  pellet  and  R  is  the  total  resistance  which  is 
determined  by  the  summation  of  grain  boundary  resistance  and 
bulk  resistance.  At  measuring  temperatures  below  600  °C,  the 
Bi2C>3 -doped  samples  exhibit  higher  conductivity  than  lOScSZ 
because  the  grain  boundary  resistances  as  well  as  the  total 
resistances  are  much  lower.  However,  after  the  phase  transition 
from  rhombohedral  to  cubic  occurs  at  approximately  600  °C 
in  lOScSZ,  it  shows  relatively  high  conductivity  which  is  even 
higher  than  the  conductivity  of  1  mol%  and  2.0mol%  Bi2C>3- 
doped  samples  sintered  at  1300  °C.  This  is  possibly  because 
lOScSZ  exhibits  a  cubic  phase  without  being  stabilized  by  a 
second  dopant  over  600  °C,  and  thus  has  a  more  open  struc¬ 
ture  and  enhanced  mobility  of  charge  carriers.  Bi203 -doped 
samples  sintered  at  1300  °C  exhibit  higher  conductivity  than 
samples  sintered  at  other  temperatures,  suggesting  that  1300  °C 
is  the  desired  sintering  temperature  for  Bi203 -doped  lOScSZ 
electrolytes.  A  maximum  conductivity  of  3.42  x  10-2  S  cm-1  at 


20  (°) 


Fig.  7.  The  XRD  patterns  of  lBil200  after  annealing  at  1000  °C  for  0, 168,  888, 
1608  and  3048  h. 

700  °C  was  observed  in  2.0  mol%  Bi203 -doped  lOScSZ  sintered 
at  1300  °C.  Comparable  values  of  conductivity  were  observed 
in  CeC>2-doped  lOScSZ  [13]. 

3.3.  Long-term  stability  of  the  B^Oj-doped  ScSZ  systems 

The  effect  of  long-term  anneals  on  the  phase  and  electrical 
properties  of  the  Bi203 -doped  lOScSZ  systems  were  examined. 
Samples  were  annealed  at  1000  °C  to  evaluate  the  phase  transfor¬ 
mation  by  XRD,  and  at  700  and  800  °C  to  observe  the  change  of 
electrical  properties  by  ac  impedance  spectroscopy.  Fig.  6  shows 
the  XRD  patterns  of  lOScSZ  sintered  at  1200  °C  with  annealing. 
No  phase  change  was  observed  after  annealing  for  1608  h.  The 
phase  present  is  still  a  mixture  of  the  dominating  rhombohedral 
and  the  cubic  phase.  The  XRD  patterns  of  Bi203 -doped  sample 
with  annealing  are  shown  in  Figs.  7  and  8,  respectively.  A  small 
amount  of  monoclinic  phase  was  observed  in  both  of  the  aged 
samples  with  annealing  for  3048  h. 


Fig.  6.  The  XRD  patterns  of  10ScSZ1200  after  annealing  at  1000  °C  for  0,  168,  Fig.  8.  The  XRD  patterns  of  2Bil  100  after  annealing  at  1000  °C  for  0, 168,  888, 
888  and  1608  h.  1608  and  3048  h. 
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Fig.  9.  The  impendence  spectra  of  lOScSZ  measured  at  700  °C  after  annealing 
at  800  °C  for  0,  168  and  888  h. 

The  impedance  spectra  of  the  samples  with  annealing  at  800 
and  700  °C  measured  at  700  °C  are  shown  in  Figs.  9  and  10, 
respectively.  The  high-frequency  intercepts  in  the  spectra  indi¬ 
cate  the  total  resistance  in  the  electrolyte.  As  is  observed  in  the 
figures,  the  resistance  of  the  two  samples  changed  very  little 
with  annealing.  In  Figs.  11  and  12,  the  conductivity  changes 
of  the  four  samples  at  500  and  700  °C  are  shown  as  a  func¬ 
tion  of  annealing  time.  lOScSZ  sintered  at  1200  °C  shows  no 
significant  conductivity  degradation.  This  is  in  agreement  with 
the  literatures  that  scandia  stabilized  zirconia  containing  more 


500C 


Fig.  11.  Conductivity  change  of  10ScSZ1200,  lBil200,  2Bill00  annealed  at 
800  °C  and  2Bil300  annealing  at  700  °C  and  measured  at  500  °C. 


than  10  mol%  scandia  does  not  degrade  with  annealing  [6,7,14]. 
Dramatic  conductivity  decrease  was  observed  in  1  mol%  Bi203- 
doped  lOScSZ  sintered  at  1200  °C  (lBil200)  and  2mol% 
Bi2C>3-doped  lOScSZ  sintered  at  1100°C  (2Bill00)  after 
annealing  at  800  °C  for  888  h.  At  700  °C,  the  conductivity 
decreased  from  6.95  x  10-3  Scm-1  to  4.24  x  10-5  Scm-1  in 
lBil200,  and  from  1.68  x  10-2  S  cm-1  to  1.38  x  10-4  S  cm-1 
in  2Bil  100.  The  result  for  lBil200  is  in  disagreement  with  the 
result  shown  in  [9].  However,  2.0mol%  Bi203-doped  lOScSZ 
sintered  at  1300  °C  (2Bil300)  shows  only  little  degradation 
with  annealing  at  700  °C.  The  reasons  for  the  degradation  in 
lBil200  and  2Bill00  could  potentially  be  very  complicated. 
The  annealing  temperature  of  800  °C  is  not  a  concern  because 
large  conductivity  degradation  was  also  observed  when  2Bil  100 
was  annealed  at  700° C  as  shown  in  Fig.  13.  The  presence  of 
monoclinic  phase  in  these  samples  could  be  postulated  as  the 
reason  for  this  anomaly  [11]. 


700C 


Fig.  10.  The  impendence  spectra  of2Bil300  measured  at  700  °C  after  annealing  Fig.  12.  Conductivity  change  of  10ScSZ1200,  lBil200,  2Bill00  annealed  at 

at  700  °C  for  0,  168  and  888  h.  800  °C  and  2BH300  annealing  at  700  °C  and  measured  at  700  °C. 
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Fig.  13.  The  impendence  spectra  of  2Bil  100  measured  at  700  °C  after  annealing 
at  700  °C. 


4.  Summary 

The  addition  of  Bi203  aided  the  sintering  process  in 
lOScSZ  and  allowed  the  samples  to  sinter  at  lower  tem¬ 
perature.  By  adding  more  than  1.0mol%  Bi2C>3  to  lOScSZ, 
the  cubic-rhombohedral  phase  transformation  at  600  °C  in 
lOScSZ  was  eliminated  and  the  cubic  phase  was  stabilized  to 
room  temperature.  The  electrical  conductivity  of  lOScSZ  was 
also  improved  by  adding  Bi203  A  maximum  conductivity  of 
3.42  x  10_2Scm_1  at  700  °C  was  observed  in  2Bil300.  No 
phase  change  was  observed  in  lOScSZ  after  annealing  at  1000  °C 
for  1608  h.  A  certain  percentage  of  a  monoclinic  phase  was 
observed  in  lBil200  and  2Bill00  after  annealing  for  3048  h. 
Dramatic  conductivity  decrease  was  observed  in  lBil200  and 
2Bil  100  after  annealing  at  800  °C  for  888  h.  However,  lOScSZ 


and  2Bil300  show  no  significant  conductivity  degradation  with 
annealing.  Samples  with  more  than  1  mol%  Bi203  and  sintered 
above  1300  °C  have  a  good  combination  of  electrical  conduc¬ 
tivity  and  stability. 
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